Frequency-Dependent Properties of the Tectorial Membrane Facilitate Energy Transmission and Amplification in the Cochlea  by Jones, G.P. et al.
Biophysical Journal Volume 104 March 2013 1357–1366 1357Frequency-Dependent Properties of the Tectorial Membrane Facilitate
Energy Transmission and Amplification in the CochleaG. P. Jones,† V. A. Lukashkina,† I. J. Russell,† S. J. Elliott,‡* and A. N. Lukashkin†*
†School of Pharmacy and Biomolecular Sciences, University of Brighton, Brighton, United Kingdom; and ‡Institute of Sound and Vibration
Research, University of Southampton, Southampton, United KingdomABSTRACT The remarkable sensitivity, frequency selectivity, and dynamic range of the mammalian cochlea relies on longi-
tudinal transmission of minuscule amounts of energy as passive, pressure-driven, basilar membrane (BM) traveling waves.
These waves are actively amplified at frequency-specific locations by a mechanism that involves interaction between the BM
and another extracellular matrix, the tectorial membrane (TM). From mechanical measurements of isolated segments of the
TM, we made the important new (to our knowledge) discovery that the stiffness of the TM is reduced when it is mechanically
stimulated at physiologically relevant magnitudes and at frequencies below their frequency place in the cochlea. The reduction
in stiffness functionally uncouples the TM from the organ of Corti, thereby minimizing energy losses during passive traveling-
wave propagation. Stiffening and decreased viscosity of the TM at high stimulus frequencies can potentially facilitate active
amplification, especially in the high-frequency, basal turn, where energy loss due to internal friction within the TM is less than
in the apex. This prediction is confirmed by neural recordings from several frequency regions of the cochlea.INTRODUCTIONSound is decomposed into individual frequency components
through reciprocal, electromechanical interaction between
the highly active cellular and passive noncellular elements
of the mammalian cochlea (1). Cochlear frequency tuning,
with high frequencies producing maximal responses close
to the base and low frequencies close to the apex, is deter-
mined primarily by base-to-apex gradients in the dimen-
sions and collagen fiber packing density of the basilar
membrane (BM) (2,3). Sensitivity and frequency selectivity
of the cochlea are, however, sharpened by the cochlear
amplifier (4,5) in the form of electromechanical active feed-
back provided by the outer hair cells (OHCs) of the organ of
Corti (6,7). The hallmark of amplification (8) is a compres-
sive, nonlinear increase in BM displacement as a function of
sound-pressure level. Neural measurements in the presence
of discrete, acoustically induced lesions to the OHCs (9)
and experiments measuring BM displacement along the
length of the cochlea (10) have shown that the region of
amplification is limited to a few hundred microns around
the characteristic frequency (CF) of the BM. Recent
modeling analysis of experiments measuring the propaga-
tion of BM traveling waves suggests that the region of
amplification is just basal to the CF (11), but this conclusion
has yet to be considered with respect to the earlier experi-
mental findings (9,10).
The OHCs are located strategically, sandwiched between
two extracellular matrices, the BM and tectorial membrane
(TM; shown isolated in Fig. 1 A), with their stereocilia
attached to the underside of the TM (12) and providingSubmitted November 5, 2012, and accepted for publication February 7,
2013.
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0006-3495/13/03/1357/10 $2.00its mechanical link to the organ of Corti (Fig. 1 B). Both
the BM and TM have been shown to play crucial roles
(1) in mediating the gain and timing of the cochlear
amplifier (4,5,13,14). Before being amplified, however,
mechanical energy is transmitted to its frequency-specific
location within the cochlea in the form of BM traveling
waves (2). This task can be accomplished even when
movements of the ear drum are less than the diameter of
a hydrogen atom and the traveling wave propagates
through viscoelastic biological tissues bathed in viscous
cochlear fluids. The role of the TM in energy transmission
within the cochlea of wild-type mice and mice lacking
specific TM proteins is not yet fully understood and has
become a focus of interest in auditory physiology in recent
years (1,15–28).
Both the BM and TM are composed of radial collagen
fibers, but the packing density of these fibers is lower in
the TM (29). TM fiber organization is maintained by a highly
structured striated sheet matrix (29) composed of three non-
collagenous glycoproteins that are expressed only at high
levels in the inner ear and account for ~50% of the protein
present in the TM (22). In this article, we describe the
frequency-dependent material properties of the isolated
mouse TM using mechanical responses to physiologically
realistic frequencies and amplitudes. By taking into account
the fluid environment (see Materials and Methods), we
reveal what we believe to be new principles of cochlear
operation associated with the TM, which have important
implications for amplification, frequency tuning, and the
efficient transmission of energy in the mammalian cochlea.
Our in vitro measurements of the mouse TM are supported
by in vivo recording of neural responses from the mouse
cochlea. As far as we are aware, these findings provide
the first indication that the frequency-dependent materialhttp://dx.doi.org/10.1016/j.bpj.2013.02.002
FIGURE 1 The TM in vivo and in vitro. (A)
Schematic showing the whole TM isolated from
other cochlear structures. The TM is a coiled extra-
cellular matrix running from the base to the apex of
the cochlea. (B) In vivo, the TM is located above
the organ of Corti, in contact with the OHC stereo-
cilia and spiral limbus, and runs parallel to the BM
along the length of the cochlea. The TM itself is
radially divided into three distinct regions, the lim-
bal, middle, and marginal zones. The limbal zone
forms the attachment to the spiral limbus and the
underside of the marginal zone attaches to the
OHC stereocilia. IHC, inner hair cell; BM, basilar
membrane, STS, subtectorial space. (C) Schematic
of a top-down view of the inside of the experi-
mental chamber, which contains a mounted
segment of TM attached to both vibrating and
stationary supports. Stimulation was delivered by
the vibrating support, which was attached to a
piezoelectric actuator, and the beam of the
interferometer was stepped along the TM to track
amplitude and phase of radially shearing, longitu-
dinally propagating traveling waves at different
frequencies.
1358 Jones et al.properties of the TM contribute to energy transmission in
the cochlea with minimal loss.MATERIALS AND METHODS
Preparation of TM samples
Data from both basal and apical locations were collected from CBA/Ca
mice between 1 and 6 months of age. Mice were euthanized by CO2 asphyx-
iation and dissections were performed under a light microscope in a Petri
dish containing artificial endolymph (174 mmol KCl, 2.00 mmol NaCl,
0.0261 mmol CaCl2, 3.00 mmol D-glucose, and 5.00 mmol HEPES,
pH 7.3). The inner ear was removed from the skull and the cochlea was
opened with forceps. The TM was detached from the spiral limbus using
a tungsten probe with a tip diameter of<100 mmmounted on a syringe nee-
dle. Usually, the entire TM was removed in one piece and was cut with
a scalpel blade into segments between 350 and 1000 mm long. Segments
referred to as basal are from the basal third of the cochlea (~35–60 kHz
region (30)) and apical segments are from the apical third of the cochlea
(~6–11 kHz region (30)) (Fig. 1 A). The length of these segments varied de-
pending on the region; the higher curvature in the apical regions generally
limited the usable length to less than that of basal regions. Once detached
and cut, a single TM segment was transferred into the pre-prepared exper-
imental chamber by means of a glass-tipped pipette and mounted.Biophysical Journal 104(6) 1357–1366Traveling-wave excitation and measurements
Experiments were conducted in an experimental chamber located in
a quiet room, on a vibration isolation table, and inside a Faraday cage.
The experimental chamber was filled with artificial endolymph so that
the prepared TM was submerged to a depth of at least 4 mm. The walls
of the chamber were constructed from shaped silicone gel (732, Dow
Corning, Midland, MI). A single segment of TM was suspended between
and attached to a vibrating and a stationary support using Cell-Tak (BD
Biosciences, San Jose, CA) (Fig. 1 C). The glass stationary support
(dimensions ~10  10  0.4 mm) was mounted on a mechanically iso-
lated stand external to the chamber and lowered into place before the
TM was added to the chamber. The vibrating support was constructed
either from a small (dimensions ~5  10  0.4 mm) piece of glass or
platinum-irridium foil that was attached to a stimulation piezo
(AE0203D04, Thorlabs, Newton, NJ). The stimulation piezo was mounted
rigidly to the microscope slide forming the base of the chamber. A lab-
built, self-mixing, homodyne laser-diode interferometer (31), the beam
of which was aimed through a viewing window in the front wall of the
chamber, was used to record the phase and amplitude of traveling waves
at multiple points along the length of the marginal edge of the mounted
segment of TM. The output signal of the interferometer was processed
using a digital phase-locking algorithm, and instantaneous amplitude
and phase of the wave were recorded. The viewing window was posi-
tioned so that the distance between it and the laser’s focal point on the
TABLE 1 Parameters used in the model of the TM in fluid
environment
Properties Values and units
f’(x), complex shear force/unit length N m1
ZTM(u), TM impedance with respect
to environment
N s m1
G0(u), shear storage modulus Pa
h(u), shear viscosity Pa $ s
A, cross-sectional area of the TM m2
WTM, width of the TM m
TTM, thickness of the TM base: 2  105 m
apex: 4  105 m
vs(x), TM velocity in the shear direction m s
1
vf(y), fluid shear velocity m s
1
a, decay constant of the TM wave m1
r, TM density 103 kg m3
rf, fluid density 10
3 kg m3
m, coefficient of viscosity 7  104 kg m1 s1
Mi, mass/unit length due to the boundary layer kg m
1
Properties of the Tectorial Membrane 1359TM (~15 mm) was well outside the laser’s depth of focus (20 mm). The
beam of the laser interferometer was focused onto the marginal edge of
the TM close to the vibrating support, so that the light entering the
chamber was approximately parallel to the end of the vibrating support.
Measurements (three to five repetitions) started at this location and
were repeated at successive locations in regular steps of 10 mm or
20 mm distal to the initial location. Measurements progressed in this
way along the length of the marginal edge of the TM either to within
100 mm of the stationary support or until a segment of at least 300 mm
had been covered, for each TM preparation. At every longitudinal
measurement location, the vibrating support was vibrated radially in
frequency steps of 1 kHz from 2 kHz to 20 kHz at amplitudes that
decreased from ~80 nm at 2 kHz to ~50 nm at 20 kHz, as a consequence
of the limited frequency response of the piezo that vibrated the support.
Measurements below 2 kHz and above 20 kHz were unreliable, because
the phase gradients at frequencies below 2 kHz and the vibration ampli-
tudes above 20 kHz were too small to be detectable reliably above the
measurement noise floor. Amplitude data were calibrated to control for
variable reflectance at each point along the TM using the calibrated piezo
on which the laser diode was mounted.
Ri, resistance/unit length due to the boundary
layer
kg s1 m1
Parameter definitions with their respective units and values are shown.Recording of simultaneous suppression neural
tuning curves
Mice from a mixed C57/S129 background, normally <3 months of age
were anesthetized with urethane (ethyl carbamate, 2 mg/g, intraperitone-
ally), then tracheotomized with their core temperature maintained at
38C. To measure the compound action potentials (CAPs) of the auditory
nerve, a caudal opening was made in the ventrolateral aspect of the right
bulla to reveal the round window. CAPs were measured from the round-
window membrane using pipettes with tip diameters of 50–100 mm
(recording bandwidth >30 kHz) filled with artificial perilymph. Sound
was delivered via a probe with its tip within 1 mm of the tympanic
membrane and coupled to a closed acoustic system comprising a 1-inch
MK102 microphone (MicroTech Gefell, Cambridge, United Kingdom)
for delivering tones and a 3135 1/4-inch microphone (Bruel & Kjaer,
Naerum, Denmark) for monitoring sound pressure at the tympanum. The
sound system was calibrated in situ for frequencies between 1 and
70 kHz using a laboratory-built microphone conditioning amplifier con-
nected to a Bruel & Kjaer 3135 1/4-inch microphone, and sound level
was expressed in dB SPL. CAP tuning curves were derived from simulta-
neous tone-on-tone masking using a 10-ms probe tone centered on a
40-ms masker tone. The probe tone was set to a level where a stable
CAP appeared just above the recording noise floor. The frequency of the
masker was set, and its level was adjusted until the probe-tone CAP was
suppressed. The masker frequency and level were noted, a new masker
frequency was set, and the process was repeated. Stimulus delivery and pro-
cessing of signals from the interferometer were controlled by a DT3010/32
(Data Translation, Marlboro, MA) board by a PC running Matlab (The
MathWorks, Natick, MA) at a sampling rate of 250 kHz.
All procedures involving animals were performed in accordance with
United Kingdom Home Office regulations, with approval from the local
ethics committee.Model of the tectorial membrane in a fluid
environment
Parameters used in the model of the TM in a fluid environment and their
respective units and values are summarized in Table 1.
During longitudinal propagation of a radially shearing wave, the complex
shear force per unit length, f
0 ðxÞ (where x is the distance along the TM),
acting at frequency u on the TM can be expressed through its impedance,
ZTM, with respect to its surrounding environment, and its internal shear
modulus, G0, and shear viscosity, h. Hence,f 0ðxÞ ¼ ZTMvsðxÞ  A
iu
ðG0 þ iuhÞ v
2vsðxÞ
vx2
; (1)
where A is the cross-sectional area of the TM and vs is TM velocity in the
shear direction.
It is assumed that each section of the TM shears radially as a whole, so
that wave motion only occurs longitudinally, with wavenumber k, so that
vs(x) is proportional to e
ikx. The force per unit length is
f 0ðxÞ ¼

ZTM þ k
2A
iu
ðG0 þ iuhÞ

vsðxÞ: (2)
If no external force is applied, the complex wavenumber is obtained by
setting the term in square brackets in Eq. 2 to zero, to give
k ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ iuZTM
AðG0 þ iuhÞ
s
; (3)
which can be expressed in terms of the wave speed, c, and decay constant,
a, as
k ¼ u
c
 ia: (4)
If the TM dynamics is dominated by its mass, so that ZTM ¼ iurA (where r
is the density of the TM), the wavenumber takes the simple form
k ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u2r
G0 þ iuh
s
: (5)
If the loss is small, so that uh can be ignored compared to G0, then k is real
and equal to u/c, where c is the shear wave speed given by
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
G0=r
p
.
Assuming that G0 and h are independent of frequency, Eq. 5 can be used
to express the wave speed as a function of these parameters, as used by
Ghaffari et al. (20). More generally, Eq. 3 can be used to express G0 and
h as a function of both wave speed and decay constant, as the real and imag-
inary components of k, asBiophysical Journal 104(6) 1357–1366
1360 Jones et al.G0ðuÞ þ iuhðuÞ ¼ iuZTMðuÞ
k2ðuÞA ; (6)
so that the frequency variation of these quantities can be calculated.
We can also consider an additional term in ZTM, which is due to the effect
of the frequency-dependent viscous boundary layer of the fluid acting on
the TM in the experimental setup. The complex fluid shear velocity at
a distance y from a moving surface is approximately (32)
vf ðyÞ ¼ vse
ð1þiÞyﬃ
2
p
d ; (7)
where the boundary-layer thickness, d, isd ¼
ﬃﬃﬃﬃﬃﬃﬃ
m
urf
r
; (8)
where m is the coefficient of viscosity and is assumed to be 7 
104 kg m1 s1 and rf is the fluid density, assumed to be equal to that
of the TM, r, at 103 kg m3.
The shear force per unit length is given by
f 0ðyÞ ¼ mWTMvvf
vy

y¼ 0
; (9)
where WTM is the TM’s width. On the surface of the TM, where y ¼ 0, this
force is
f 0 ¼ vsð1þ iÞmWTMﬃﬃﬃ
2
p
d
; (10)
and since m ¼ d2 u rf, then
f 0 ¼

1þ iﬃﬃﬃ
2
p

durfWTMvs: (11)
IfMi and Ri are the mass and resistance, respectively, per unit length due to
the viscous boundary layer on one side of the TM, then with the viscous
boundary layer on both sides, the total added mass and damping per unit
length are
M2i ¼ 2Mi ¼
ﬃﬃﬃ
2
p
rfWTMd; (12)
R ¼ 2R ¼
ﬃﬃﬃ
2
p
ur W d: (13)FIGURE 2 Phase data collected from the basal and apical segments of
the TM. (A and B) Average phase lag as a function of longitudinal distance
along the TM segments, for each stimulus frequency (for clarity, error bars
are not shown). (C) Average wave propagation velocity, calculated from the
full longitudinal distance obtained in each experiment (basal, n ¼ 18;
apical, n ¼ 6). The range of frequencies between the two vertical dashed
lines indicates cochlear-specific frequencies for the apical TM segments.2i i f TM
Hence, in terms of the environment surrounding the TM,
ZTM ¼ iurfWTM

TTM þ
ﬃﬃﬃ
2
p
d
	
þ
ﬃﬃﬃ
2
p
urfWTMd: (14)
Substituting this into Eq. 6, and using the fact that A ¼WTMTTM, gives G0
and h in terms of quantities that can be calculated or measured, as
G0ðuÞ þ iuhðuÞ ¼ u
2rf


TTM þ
ﬃﬃﬃ
2
p
d
 i ﬃﬃﬃ2p u2rf d
k2ðuÞTTM : (15)
RESULTS
Frequency-dependent propagation of longitudinal traveling
waves in the TM was investigated in segments isolatedBiophysical Journal 104(6) 1357–1366from apical (low-frequency) and basal (high-frequency)
regions of the mouse cochlea (Fig. 1 A). Longitudinally
propagating traveling waves were excited in the TM
by sinusoidal vibration of the piezoelectric actuator
(Fig. 1 C). The magnitude and phase of the traveling waves
as functions of distance from the source of excitation were
measured with a laser-diode interferometer (31) (Fig. 1 C)
and provided the basis for deriving the dynamic material
properties of the TM.Velocity of the TM traveling waves
The accumulated phase measured as a function of distance
from the source of generation (vibrating platform) was
used to calculate the propagation velocity, c, of the evoked
traveling waves for different frequencies of stimulation.
For both apical and basal segments, progressive phase lag
was generally observed (Fig. 2, A and B) with increasing
FIGURE 3 Amplitude decay and space constants of the traveling wave as
a function of frequency for basal and apical TM segments. Values are shown
as the mean5 SD. Solid lines show a polynomial fit to the data points (a¼
2967  0.053f for the apical and a ¼ 1939 þ 0.4879f  0.00001869f2 for
the basal segments). Polynomial regression analysis was used to determine
the significance criterion of the fit parameters with p < 0.05. The criterion
for the best fit was the significance of the respective approximation calcu-
lated in a t-test. Range of frequencies between two vertical dashed lines
indicates cochlea-specific frequencies for the apical TM segments.
Properties of the Tectorial Membrane 1361longitudinal distance (Fig. 1 C, x) from the stimulation place
(x ¼ 0 mm).
The velocity of the traveling wave was calculated at each
frequency, u, as c ¼ u x=D4, where D4 is the overall
change in phase over distance x. To calculate the propaga-
tion velocity, D4 and x were taken from the longest
segments of phase data available for each animal. This
means in effect that an average velocity was calculated
over the entire segment for any single frequency. The
mean and standard error of c at each frequency are shown
in Fig. 2 C. The propagation velocity was lower for the
apical segments for all frequencies except those around
5 kHz, where the propagation velocity of the basal TM
has a local minimum that is comparable to propagation
velocities measured in the apical TM. The local minimum
and propagation velocities presented here are comparable
to those obtained by Ghaffari et al. (20) using a similar stim-
ulating technique but with displacements approximately an
order of magnitude larger and measured with an optical
technique rather than with an interferometer. The growth
of the propagation velocity for frequencies above the
minimum is somewhat higher in our preparation than that
reported by Ghaffari and colleagues for the same frequency
range. This difference may arise because the TM sections
were taken from slightly different places in the cochlea.Decay of the TM traveling waves
The amplitude of the traveling wave decays with distance
along the TM. The decay constant, a, was derived by fitting
an exponential decay to the wave amplitude, Y(x) as a func-
tion of longitudinal distance x, namely, YðxÞ ¼ Yð0Þefx,
where Y(0) is the wave amplitude at the stimulation place.
Overall, the decay constant was larger in the apical TM
segments for all but the lowest frequencies studied
(2 kHz) (Fig. 3). In the apical region, the decay constant,
a, increased significantly for frequencies below 10 kHz
and then decreased slightly with increasing stimulus
frequency above this (Fig. 3, red curve). By contrast, the
decay constant measured from the basal turn TM segments
declined slightly as a function of stimulus frequency
throughout the frequency range (Fig. 3, blue line).
Examples of reconstructed traveling waves for different
frequencies using amplitude and phase data collected from
a single TM segment are given in Fig. 4.FIGURE 4 Instantaneous traveling-wave displacement for different
frequencies reconstructed from amplitude and phase data collected from
a single TM segment. Smooth lines represent fit of the data point with equa-
tion Y(x)¼ Y(0)exp(ax)sin(Axþ B), where A and B are fitting parameters.TM becomes stiffer and less viscous at high
stimulus frequencies
In this section, we calculated the frequency dependence of
two dynamic material properties of the TM that have signif-
icance for frequency tuning and propagation of the traveling
wave in the cochlea. These properties are the shear storage
modulus, (G0(u) (kPa)), which characterizes shear stiffness
of the TM, and shear viscosity (h(u) (Pa , s)), which deter-mines the energy dissipation during shear displacements of
the TM. These two material properties of the TM can be
obtained from the relationships between the velocity, c(u),
and decay constant, a(u), of the traveling wave and the
stimulation frequency (Figs. 2 C and 3). The relationships
were used to calculate specific values of the complex wave-
number, k(u), of the wave propagating along the TM as
kðuÞ ¼ u=cðuÞ  iaðuÞ. The wavenumber was used to
calculate the corresponding frequency dependence of shear
storage modulus and shear viscosity (Eq. 15 in Materials
and Methods), shown in Fig. 5, A and B.
The shear storage modulus, which characterizes shear
stiffness of the TM, of both the basal and apical segmentsBiophysical Journal 104(6) 1357–1366
FIGURE 5 Frequency dependence of dynamic
material properties of the TM. Equation 15 and
the experimental data presented in Fig. 2 C and
Fig. 3 were used for calculations. (A) Shear storage
modulus,G0. (B) Shear viscosity, h. (C andD) Loss
tangent, tan(d). (C), and reciprocal of the loss
tangent, 1/tan(d) (D), which is proportional to the
quality factor Q. TM thickness, TTM, was taken
as 20 mm and 40 mm for the basal and apical
segments, respectively.
FIGURE 6 Simultaneous-suppression neural tuning curves for different
probe-tone frequencies. Values are shown as the mean 5 SD (n ¼ 30).
Frequency and level of the probe tone for each curve are indicated by an
asterisk. Vertical dashed lines indicate notches and slope discontinuities
at frequencies below the probe tone. Data for figures were obtained, with
permission, from those used to produce Fig. 5 A (21).
1362 Jones et al.of the TM increased with increasing stimulus frequency,
although growth of the shear storage modulus was notably
more pronounced at the base of the cochlea (Fig. 5 A).
The storage modulus was similar when measured at 2 kHz
in both apical and basal segments but it was >2.5 times
larger in basal segments at 20 kHz. The shear viscosity of
the TM, in turn, has similar levels in both basal and apical
segments at high stimulus frequency (Fig. 5 B), but the
rate of its change with frequency is initially much larger
in the basal segments, where the shear viscosity is substan-
tially higher at low frequencies.
In contrast to our findings for a frequency dependence of
the shear storage modulus and shear viscosity, Ghaffari et al.
(20) reported frequency-independent values of the shear
storage modulus and shear viscosity (47 5 12 kPa and
0.19 5 0.07 Pa , s, respectively, for basal TM segments,
and 17 5 5 kPa and 0.15 5 0.04 Pa , s, respectively, for
apical TM segments). These values are within the range of
frequency-dependent values reported here (see Fig. 5, A
and B), although our estimates of h are higher for the lower
stimulus frequencies. Direct comparisons of our data to
those in other reports on the mechanical properties of the
TM (16,24,33–38) cannot be made. The earlier measure-
ments used different techniques and were made for static
or low-frequency deformations of the TM, and where
comparable frequencies were used, frequency dependence
of the material properties was not considered (20,24). Due
to the anisotropy and frequency dependence of the TM’s
properties (16,33,37,39), model-dependent assumptions
would be needed to compare the data presented here to
earlier data.Biophysical Journal 104(6) 1357–1366Neural correlates of the TM resonance
Simultaneous-suppression neural tuning curves (Fig. 6)
(40), which closely resemble the tuning properties of single
auditory nerve fibers (41,42), have a minimum of sensitivity
or change in the slope of the curve at frequencies below the
probe-tone frequency (Fig. 6, vertical dashed lines). This
slope discontinuity has been attributed to the TM resonance
and corresponding drop in TM impedance at this frequency
Properties of the Tectorial Membrane 1363(15,21,43–45). It is most pronounced for tuning curves ob-
tained with high-frequency probe tones and disappears
completely for low-frequency probe tones. This difference
in the shape of the high- and low-frequency tuning curves
is likely to be due to different mechanical properties of
the TM in the corresponding regions of the cochlea (see
Discussion).DISCUSSION
Propagation velocities of the TM traveling waves presented
in this study are comparable to those obtained by Ghaffari
et al. (20), who used a CCD camera instead of an interfer-
ometer to measure TM vibrations. Ghaffari et al. (20)
used a stimulation technique similar to those reported here
but delivered TM displacements that were an order of
magnitude larger. The similarity in propagation velocities
obtained at significantly different displacement levels in
the two studies may indicate that the TM displays linear
mechanical properties over a large range of stimulus ampli-
tudes. A major difference between the study reported here
and that reported by Ghaffari et al. (20) is the development
here of a model of the TM in a fluid environment. The vital
feature of this model is that constant values for the shear
storage modulus and shear viscosity are not assumed, and
therefore, the true frequency dependence of these material
properties can be calculated.FIGURE 7 BM and TM waves in vivo for a single frequency. Color
coding for the TM wave: red stiff; blue, compliant. STS, subtectorial space.
(A) Lower-frequency peaks closer to the apex of the cochlea. There is no
significant radial shearing motion of the TM for the extended region basal
to the peak. Hence, relatively high loss tangent does not result in large
energy losses. (B) Higher frequency peaks closer to the cochlear base.
Higher TM stiffness at this frequency allows coupling of a larger number
of the OHCs, which provide active feedback and higher gain of the cochlear
amplifier specific for the base of the cochlea.Material properties of the TM minimize energy
loss and facilitate energy transmission along
the cochlea
The frequency dependence of the material properties of the
TM reported here is important, because it facilitates trans-
mission of energy along the cochlea and ensures that the
1000-fold gain in the basal, high-frequency region of the
cochlea, is sufficient to provide sensitivity to high-frequency
tones (8). The frequency dependence of the shear storage
modulus and shear viscosity are used to calculate the loss
tangent, tan(d) ¼ G00/G0, (the loss modulus G00 is calculated
as G00 ¼ uh(u) using data for h(u) in Fig. 5 B), which is
defined as the ratio of energy dissipated to energy stored
within a unit TM volume. The loss tangent is a crucial mate-
rial property of the TM, because it reflects the loss in energy
transmitted along the length of the cochlea as a consequence
of the mechanical coupling of the TM to the organ of Corti.
The loss tangent is relatively large at low stimulus frequen-
cies for the basal TM segments (Fig. 5 C), because at these
frequencies, G0 is relatively small (Fig. 5 A). This large loss
tangent does not, however, lead to higher energy losses
in vivo. This is because the TM in the basal region does
not experience significant radial shear during the propaga-
tion of low-frequency BM traveling waves. The waves
peak closer to the cochlear apex and do not show significant
phase change in the basal region (Fig. 7 A). In vivo, the TMin the basal region of the cochlea experiences significant
shear at higher frequencies that are close to the CFs of
that region (Fig. 7 B). This significant shear is, however,
not associated with large energy losses because the TM
becomes stiffer at higher stimulus frequencies (Fig. 5 A),
with a corresponding decrease in the loss tangent (Fig. 5 C).
The decrease in the TM stiffness at low stimulus frequen-
cies ensures that energy is transmitted by BM-pressure-
driven traveling waves along the cochlear partition to their
CF place with minimum energy loss, even when the parti-
tion is loaded with the elasticity of the TM. Basal to the
peak of the traveling wave, mechanics of the cochlea is
governed by elastic forces (46,47). Since the TM is less stiff
for frequencies corresponding to these positions, compared
with those corresponding to the characteristic place, the TM
will play a smaller part in the overall response of the organ
of Corti and, hence, the propagation of the traveling wave,
and so will dissipate less energy. At the same time, a more
elastic TM would be more readily displaced by stiff hairBiophysical Journal 104(6) 1357–1366
1364 Jones et al.bundles at the base of the cochlea. The consequence is less
shear movement between the TM and the organ of Corti.
Because fluid damping in the subtectorial space (Fig. 1 B)
is hypothesized to be the major source of energy dissipation
in the cochlea (48,49), reduction in shear displacement
between the TM and organ of Corti should lead to lesser
energy dissipation and to more efficient transmission of
energy to the CF place. However, at frequencies that corre-
spond to the CFs at the base of the cochlea (Fig. 7 B), the
basal TM becomes stiffer, resulting in more efficient
coupling to the other elements of the organ of Corti, espe-
cially the hair bundles of the OHCs, thereby enabling
them to more effectively transmit active forces to amplify
the motion of the cochlear partition.Stiffening of the TM maximizes cochlear amplifier
gain at high frequencies
Our finding that the TM in the basal region of the cochlea
becomes stiffer with increasing stimulus frequency has
important implications for the amplification of cochlear
responses. Increased stiffening of the TM should enhance
longitudinal coupling between adjacent OHCs (21,50),
thereby increasing the number of OHCs contributing to
the amplification of the responses at the CF place. This
frequency-dependent material property of the TM may be
an important factor contributing to the typically high gain
of the basal region of the cochlea (8). In this respect, longi-
tudinal elastic coupling, and hence mechanical coupling
between longitudinally adjacent OHCs, is reduced (24) in
the TM of mouse mutants lacking the protein b-tectorin
(21), with the result that the cochleae of b-tectorin mice
have a slightly reduced sensitivity compared with those of
their wild-type littermates. Frequency tuning is, however,
sharper, which might be expected as a consequence of
weaker longitudinal coupling between the OHCs (21).
Cochlear amplification is also influenced through
constructive interaction between BM and TM traveling
waves, which should occur only in the region where their
phase velocities are similar (20,51) (Fig. 7). The higher
velocity of an elastically coupled traveling wave in a stiffer
TM should, therefore, match the wave velocity of the stiff
basal BM (20), thereby also resulting in a smaller phase
roll-off over the length of the TM. Constructive interaction
between the BM and TM traveling waves over longer
stretches of the cochlea would boost cochlear amplification
through increasing the number of OHCs contributing to
amplifying a single frequency.Stiffening causes a sharper TM resonance in the
basal cochlea
The discovery that the TM in the basal region of the cochlea
becomes stiffer with increasing frequency also has impor-
tant consequences for cochlear frequency tuning. ByBiophysical Journal 104(6) 1357–1366becoming stiffer at high frequencies, the TM resonance
should become sharper, because the resonance quality
factor, Q, is proportional to the reciprocal of the loss tangent
Q f 1/tan(d) ¼ G0/G00 (Fig. 5 D), which increases with the
growth of G0. Indeed, the TM resonance in the basal part of
the cochlea in vivo is more sharply tuned, as observed in
neural tuning curves (Fig. 6). The discontinuity below the
probe-tone frequency (Fig. 6, vertical dashed lines) would
be expected to disappear if the TM resonance was strongly
damped, with lower Q, as it appears to be in the apex of the
cochlea (Fig. 5 D), where the internal friction within the TM
is relatively large. It is unlikely that the discontinuity is due
to the negative damping (4) action of the cochlear amplifier,
because the amplifier makes a negligible contribution to
cochlear responses for frequencies well below the probe-
tone CF (8) where the discontinuity is observed. It should
be noted that because the TM is mechanically coupled to
the organ of Corti and the BM, the resonances of the entire
system do not directly indicate the resonances of the indi-
vidual components (52). Another consequence of this
coupling is that the TM resonance can be reflected in other
measurements (52). For example, the secondary maximum
in sensitivity, observed at frequencies below the CF in BM
frequency-tuning curves recorded in the extreme basal
part of the mouse cochlea, is predicted to be due to the
sharp TM resonance in the basal region of the cochlea
(15,19,21,53,54).TM internal damping dissipates energy in the
cochlea
Our findings also have important significance for the identi-
fication of the source of damping in the cochlea. Ever since
it was first proposed by Gold (55) that the micromechanics
of the cochlea is likely to be dominated by viscous damping,
it has been widely held that the main source of the damping
in the cochlea is fluid, possibly in the subtectorial space
(48,49). The close correspondence between the decrease
in the relative amount of energy dissipated due to internal
friction within the TM (Fig. 5 C) and the manifestation of
a sharper TM resonance in the base of the cochlea in vivo
(Fig. 6) lead us to suggest that the internal damping within
the TM contributes significantly to overall energy dissipa-
tion in the cochlea.CONCLUSIONS
Measurements from TM segments isolated from the mouse
cochlea reveal that the dynamic material properties of the
TM are frequency-dependent. The TM becomes stiffer and
less viscous at high stimulus frequencies. This frequency
dependence is more pronounced in the basal region of the
cochlea, where the TM becomes significantly stiffer than
in the apex and considerably less viscous than at low
frequencies. This kind of frequency dependence of the
Properties of the Tectorial Membrane 1365material properties of the TM facilitates amplification and
the efficient transmission of energy in the cochlea and
requires a revision of our view on the micromechanics of
the cochlea, which provides the basis for the first signal-pro-
cessing stage in the auditory system.
We thank J. Hartley for the design and construction of electronic equipment
and A. Lansley for conducting feasibility studies.
This work was supported by a grant from the Medical Research Council.
G.P.J. was supported by a Biotechnology and Biological Sciences Research
Council studentship. The authors declare that they have no competing
financial interests.REFERENCES
1. Lukashkin, A. N., G. P. Richardson, and I. J. Russell. 2010. Multiple
roles for the tectorial membrane in the active cochlea. Hear. Res.
266:26–35.
2. Be´ke´sy, G. v. 1960. Experiments in Hearing. McGraw-Hill, New York.
3. Emadi, G., C.-P. Richter, and P. Dallos. 2004. Stiffness of
the gerbil basilar membrane: radial and longitudinal variations.
J. Neurophysiol. 91:474–488.
4. Davis, H. 1983. An active process in cochlear mechanics. Hear. Res.
9:79–90.
5. Lukashkin, A. N., M. N. Walling, and I. J. Russell. 2007. Power ampli-
fication in the mammalian cochlea. Curr. Biol. 17:1340–1344.
6. Brownell, W. E., C. R. Bader, ., Y. de Ribaupierre. 1985. Evoked
mechanical responses of isolated cochlear outer hair cells. Science.
227:194–196.
7. Zheng, J., W. Shen,., P. Dallos. 2000. Prestin is the motor protein of
cochlear outer hair cells. Nature. 405:149–155.
8. Robles, L., and M. A. Ruggero. 2001. Mechanics of the mammalian
cochlea. Physiol. Rev. 81:1305–1352.
9. Cody, A. R. 1992. Acoustic lesions in the mammalian cochlea: impli-
cations for the spatial distribution of the ‘‘active process’’. Hear. Res.
62:166–172.
10. Russell, I. J., and K. E. Nilsen. 1997. The location of the cochlear
amplifier: spatial representation of a single tone on the guinea pig
basilar membrane. Proc. Natl. Acad. Sci. USA. 94:2660–2664.
11. Fisher, J. A. N., F. Nin,., A. J. Hudspeth. 2012. The spatial pattern of
cochlear amplification. Neuron. 76:989–997.
12. Lim, D. J. 1972. Fine morphology of the tectorial membrane. Its
relationship to the organ of Corti. Arch. Otolaryngol. 96:199–215.
13. Gummer, A. W., W. Hemmert, and H. P. Zenner. 1996. Resonant tecto-
rial membrane motion in the inner ear: its crucial role in frequency
tuning. Proc. Natl. Acad. Sci. USA. 93:8727–8732.
14. Hemmert, W., H.-P. Zenner, and A. W. Gummer. 2000. Three-dimen-
sional motion of the organ of Corti. Biophys. J. 78:2285–2297.
15. Legan, P. K., V. A. Lukashkina,., G. P. Richardson. 2000. A targeted
deletion in a-tectorin reveals that the tectorial membrane is required for
the gain and timing of cochlear feedback. Neuron. 28:273–285.
16. Freeman, D. M., C. C. Abnet,., T. F. Weiss. 2003. Dynamic material
properties of the tectorial membrane: a summary. Hear. Res. 180:1–10.
17. Freeman, D. M., K. Masaki,., T. F. Weiss. 2003. Static material prop-
erties of the tectorial membrane: a summary. Hear. Res. 180:11–27.
18. Lukashkin, A. N., V. A. Lukashkina,., I. J. Russell. 2004. Role of the
tectorial membrane revealed by otoacoustic emissions recorded from
wild-type and transgenic Tecta(DENT/DENT) mice. J. Neurophysiol.
91:163–171.
19. Legan, P. K., V. A. Lukashkina,., G. P. Richardson. 2005. A deafness
mutation isolates a second role for the tectorial membrane in hearing.
Nat. Neurosci. 8:1035–1042.20. Ghaffari, R., A. J. Aranyosi, and D. M. Freeman. 2007. Longitudinally
propagating traveling waves of the mammalian tectorial membrane.
Proc. Natl. Acad. Sci. USA. 104:16510–16515.
21. Russell, I. J., P. K. Legan, ., G. P. Richardson. 2007. Sharpened
cochlear tuning in a mouse with a genetically modified tectorial
membrane. Nat. Neurosci. 10:215–223.
22. Richardson, G. P., A. N. Lukashkin, and I. J. Russell. 2008. The tecto-
rial membrane: one slice of a complex cochlear sandwich. Curr. Opin.
Otolaryngol. Head Neck Surg. 16:458–464.
23. Masaki, K., J. W. Gu, ., A. J. Aranyosi. 2009. Col11a2 deletion
reveals the molecular basis for tectorial membrane mechanical anisot-
ropy. Biophys. J. 96:4717–4724.
24. Ghaffari, R., A. J. Aranyosi, ., D. M. Freeman. 2010. Tectorial
membrane travelling waves underlie abnormal hearing in Tectb mutant
mice. Nat. Commun. 1:96.
25. Masaki, K., R. Ghaffari,., A. J. Aranyosi. 2010. Tectorial membrane
material properties in Tecta(Y)(1870C/þ) heterozygous mice.
Biophys. J. 99:3274–3281.
26. Xia, A., S. S. Gao,., J. S. Oghalai. 2010. Deficient forward transduc-
tion and enhanced reverse transduction in the a tectorin C1509G
human hearing loss mutation. Dis. Model. Mech. 3:209–223.
27. Gavara, N., D. Manoussaki, and R. S. Chadwick. 2011. Auditory
mechanics of the tectorial membrane and the cochlear spiral. Curr.
Opin. Otolaryngol. Head Neck Surg. 19:382–387.
28. Lukashkin, A. N., P. K. Legan, ., G. P. Richardson. 2012. A mouse
model for human deafness DFNB22 reveals that hearing impairment
is due to a loss of inner hair cell stimulation. Proc. Natl. Acad. Sci.
USA. 109:19351–19356.
29. Tsuprun, V., and P. Santi. 1997. Ultrastructural organization of proteo-
glycans and fibrillar matrix of the tectorial membrane. Hear. Res.
110:107–118.
30. Mu¨ller, M., K. von Hu¨nerbein,., J. W. Smolders. 2005. A physiolog-
ical place-frequency map of the cochlea in the CBA/J mouse. Hear.
Res. 202:63–73.
31. Lukashkin, A. N., M. E. Bashtanov, and I. J. Russell. 2005. A self-mix-
ing laser-diode interferometer for measuring basilar membrane vibra-
tions without opening the cochlea. J. Neurosci. Methods. 148:122–129.
32. Lamb, H. 1925. The Dynamical Theory of Sound. Dover, New York.
33. Abnet, C. C., and D. M. Freeman. 2000. Deformations of the isolated
mouse tectorial membrane produced by oscillatory forces. Hear. Res.
144:29–46.
34. Shoelson, B., E. K. Dimitriadis, ., R. S. Chadwick. 2004. Evidence
and implications of inhomogeneity in tectorial membrane elasticity.
Biophys. J. 87:2768–2777.
35. Gueta, R., D. Barlam, ., I. Rousso. 2006. Measurement of the
mechanical properties of isolated tectorial membrane using atomic
force microscopy. Proc. Natl. Acad. Sci. USA. 103:14790–14795.
36. Richter, C.-P., G. Emadi,., P. Dallos. 2007. Tectorial membrane stiff-
ness gradients. Biophys. J. 93:2265–2276.
37. Gavara, N., and R. S. Chadwick. 2009. Collagen-based mechanical
anisotropy of the tectorial membrane: implications for inter-row
coupling of outer hair cell bundles. PLoS ONE. 4:e4877.
38. Gueta, R., J. Levitt, ., I. Rousso. 2011. Structural and mechanical
analysis of tectorial membrane Tecta mutants. Biophys. J. 100:2530–
2538.
39. Gu, J. W., W. Hemmert,., A. J. Aranyosi. 2008. Frequency-dependent
shear impedance of the tectorial membrane. Biophys. J. 95:2529–2538.
40. Dallos, P., and M. A. Cheatham. 1976. Compound action potential (AP)
tuning curves. J. Acoust. Soc. Am. 59:591–597.
41. Liberman, M. C. 1978. Auditory-nerve response from cats raised in
a low-noise chamber. J. Acoust. Soc. Am. 63:442–455.
42. Taberner, A. M., and M. C. Liberman. 2005. Response properties of
single auditory nerve fibers in the mouse. J. Neurophysiol. 93:557–569.
43. Zwislocki, J. J. 1980. Five decades of research on cochlear mechanics.
J. Acoust. Soc. Am. 67:1679–1685.Biophysical Journal 104(6) 1357–1366
1366 Jones et al.44. Allen, J. B., and P. F. Fahey. 1993. A second cochlear-frequency map
that correlates distortion product and neural tuning measurements.
J. Acoust. Soc. Am. 94:809–816.
45. Lukashkin, A. N., J. K. Smith, and I. J. Russell. 2007. Properties of
distortion product otoacoustic emissions and neural suppression tuning
curves attributable to the tectorial membrane resonance. J. Acoust. Soc.
Am. 121:337–343.
46. Dong, W., and E. S. Olson. 2009. In vivo impedance of the gerbil
cochlear partition at auditory frequencies. Biophys. J. 97:1233–1243.
47. Scherer, M. P., and A. W. Gummer. 2004. Impedance analysis of the
organ of Corti with magnetically actuated probes. Biophys. J.
87:1378–1391.
48. Allen, J. B. 1980. Cochlear micromechanics—a physical model of
transduction. J. Acoust. Soc. Am. 68:1660–1670.
49. Elliott, S. J. 2007. Wave propagation in a constrained fluid layer
bounded by an elastic half-space and its relevance in cochlear micro-
mechanics. J. Sound Vibrat. 305:918–924.Biophysical Journal 104(6) 1357–136650. Meaud, J., and K. Grosh. 2010. The effect of tectorial membrane and
basilar membrane longitudinal coupling in cochlear mechanics.
J. Acoust. Soc. Am. 127:1411–1421.
51. Hubbard, A. 1993. A traveling-wave amplifier model of the cochlea.
Science. 259:68–71.
52. Lamb, J. S., and R. S. Chadwick. 2011. Dual traveling waves in an
inner ear model with two degrees of freedom. Phys. Rev. Lett.
107:088101.
53. Mellado Lagarde, M. M., M. Drexl, ., I. J. Russell. 2008. Prestin’s
role in cochlear frequency tuning and transmission of mechanical
responses to neural excitation. Curr. Biol. 18:200–202.
54. Weddell, T. D., M. M. Mellado-Lagarde,., I. J. Russell. 2011. Prestin
links extrinsic tuning to neural excitation in the mammalian cochlea.
Curr. Biol. 21:R682–R683.
55. Gold, T. 1948. Hearing. II. The physical basis of the action of the
cochlea. Proc. R. Soc. Lond. B Biol. Sci. 135:492–498.
